Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-15-2014

Investigations of Macro and Micro Scale Void Spaces:
Preservation, Modeling and Biofilm Interactions
Athena Marie Owen Nagel

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Nagel, Athena Marie Owen, "Investigations of Macro and Micro Scale Void Spaces: Preservation, Modeling
and Biofilm Interactions" (2014). Theses and Dissertations. 2869.
https://scholarsjunction.msstate.edu/td/2869

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Automated Template A: Created by James Nail 2011 V2.02

Investigations of macro and micro scale void spaces: Preservation, modeling and biofilm
interactions

By
Athena Marie Owen Nagel

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Earth and Atmospheric Sciences
in the Department of Geosciences
Mississippi State, Mississippi
August 2014

Copyright by
Athena Marie Owen Nagel
2014

Investigations of macro and micro scale void spaces: Preservation, modeling and biofilm
interactions
By
Athena Marie Owen Nagel
Approved:
____________________________________
John E. Mylroie
(Major Professor)
____________________________________
John C. Rodgers III
(Committee Member)
____________________________________
Brenda L. Kirkland
(Committee Member)
____________________________________
Darrel W. Schmitz
(Committee Member)
____________________________________
Michael E. Brown
(Graduate Coordinator)
____________________________________
R. Gregory Dunaway
Professor and Dean
College of Arts & Sciences

Name: Athena Marie Owen Nagel
Date of Degree: August 15, 2014
Institution: Mississippi State University
Major Field: Earth and Atmospheric Sciences
Major Professor: John E. Mylroie
Title of Study:

Investigations of macro and micro scale void spaces: Preservation,
modeling and biofilm interactions

Pages in Study: 83
Candidate for Degree of Doctor of Philosophy
Dissolutional voids in the subsurface were examined from three different
viewpoints. First, analysis of pseudokarst features on San Salvador Island, Bahamas,
uncovered the involvement of organics in the cementation and porosity generation
process. This organic material was analyzed using SEM, TEM, and in thin section. While
the actual role of organics in the cementation process could not be determined using these
tools, the abundance of the material was documented. Holocene samples appear to have
more organics than Pleistocene samples. The abundance of this material should have an
effect on isotope analyses and needs to be considered in future work on meteoric cements
and the environments where they form.
Second, work on Mallorca Island, Spain, demonstrated how the placement and
abundance of exposed caves could predict subsurface cave distributions. This work
measured caves along exposed coastlines and in protected areas known as calas. Results
found that caves within the calas have larger volumes and aerial footprints than caves on
the exposed cliffs. The cave distributions showed that calas had to form prior to cave
formation. Several paleo-slump features were observed and are believed to be the result

of collapsed Tortonian flank margin caves, which were later in-filled with Messinian
sediments, using the caves as limited accommodation space, resulting in these sediment
layers unaffected by the collapse further up section.
Third, the current method of cave data manipulation to produce cave areal
footprints and volume was found to be incorrect and in need of a calibration mechanism.
This calibration was determined by reviewing how Compass cave mapping software
generates volume estimates, using shapes of known volumes. Cave surveying techniques
were also reviewed to determine if survey protocol affected volume outputs. Surveying
in straight lines, down the center of a passage, avoiding splay shots, and taking left, right,
up and down measurements (LRUDs) were found to generate the most accurate volumes
estimates using Compass. These protocols were used to remap caves from paper maps to
generate correction factors. Propriety software was used that could “shrink wrap” a 3D
cave map rendering to produced values for cave volume and porosity and rock porosity.
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CHAPTER I
INTRODUCTION

Cave data are unique in geomorphology in that caves are cryptic, and cannot be
viewed from the exterior. While geophysical techniques can detect the presence or
absence of a cave, the actual cave morphology cannot be determined remotely with
current technology. In other words, there are no aerial photographs, satellite imagery or
Google pictures of caves, as there are for mountains, lakes, canyons and rivers.
Therefore, the accurate representation of cave data as an example of megaporosity
requires actual visitation with in situ surveying and characterization of the void structure.
Cave morphology may be unique to each cave, but collections of caves provide a
continuum of morphologies that must be characterized in order to understand the total
megaporosity footprint of caves. Caves are systems that represent past fluid flow in the
subsurface. When such caves are abandoned they become paleokarst, but may still
influence fluid flow at a later time, be it fresh-water, connate brines, or hydrocarbons,
with major environmental and energy use implications.
This dissertation looks at dissolutional voids in the subsurface from three different
viewpoints. First, analysis of pseudokarst features on San Salvador Island, Bahamas,
uncovered the involvement of organics and bacteria in the cementation and porosity
generation process. Second, field work on Mallorca Island, Spain, demonstrated how the
placement and abundance of exposed caves can be used to predict distribution of as yet
1

unobserved subsurface caves distributions as yet unobserved. Third, the current method
of cave data manipulation to produce cave areal footprints and volume was found to be
incorrect and in need of a calibration mechanism, which has been established.
These three diverse study areas come together to provide new information about
the cave formation process and how they are studied from the microscopic to the
macroscopic level. The meteoric cement component starts on the microscopic scale
addressing in attempts to address the following questions; does organic matter promote
calcite precipitation? Do biofilms create a unique microenvironment that organizes
cementation? Could the shape of meteoric cements be more closely related to biofilm
formation than water action through rock pore spaces? The resulting hypothesis for this
section of the project is: Traditional TEM analysis will show that organic material plays a
role in calcite cement precipitation. This question is important as it addresses the building
block of carbonate rocks and therefore affects the likelihood of cave formation and
preservation.

The purpose of the Mallorca work was to survey and characterize the flank
margin caves of the coastal cliffs and calas, to determine the relationship between the
calas and cave formation. The hypothesis to be tested is that: flank margin caves are
preferentially found inside the calas, where the protected embayment prevents sea cliff
erosion that would remove the caves. This question is important in promoting
understanding where caves form and where they are preserved, which has become
increasingly important in the hydrocarbon industry.
The objective of the third part of this study is to establish the best means of
accurately representing cave size data, to provide better cave type determination, and
2

morphometric analysis. The hypothesis to be tested on this objective is that: three
dimensional cave images used by oil company modelers are inaccurate as currently
being used and that better modeling output can be created using specially calibrated data
for this purpose. These ideas need to be studied to provide better understanding of
overall cave morphology as well as to provide accurate volume estimates for caves and
paleokarst which serve as hydrocarbon reservoirs. These three different study parts come
together to provide a better and more detailed understand of caves and cave morphology.
It also provides insight for potential preservation sites and hydrocarbon reservoirs sizes
and characteristics.

3

CHAPTER II
EXPLORATION OF THE POTENTIAL ROLE OF BIOFILMS IN PRECIPITATION
OF METEORIC CALCITE

Literature Review
Features interpreted as biofilms were originally observed unexpectedly in samples
collected on San Salvador Island, Bahamas in 2007. These samples were originally
collected to look at the role of evaporites and salt wedging in the role of tafoni formation
on San Salvador (Owen, 2007; Owen et al., 2010, Owen, 2013) and the thin sections had
been prepared without water. Confocal microscopy suggested the presence of biofilms,
but additional research was needed to discover their role in meteoric cement formation in
The Bahamas.
Biofilms are defined as “a thin layer of microorganisms adhering to the surface of
a structure, which may be organic or inorganic, together with the polymers that they
secrete” (Biofilms, 2009). Biofilms occur in numerous natural locations including
streams, caves, soils, lakes, and even in aquifers (Riding, 2000; Wilhartitz et al., 2013).
Microorganisms or microbes that make up biofilms include bacteria, cyanobacteria,
fungi, small algae, and protozoans (Riding, 2000). Some studies have been done looking
at what are known as microbial carbonates, focusing on bacteria and cyanobacteria as
they are known for the ability to trap and precipitate sediments. Metabolic process that
occur within the microbes include uptake of CO2 and or HCO3 as part of photosynthesis,
4

denitrification, sulphate reduction, and ammonification, which can increase the alkalinity
around the microbes and stimulate carbonate precipitation. The sediment trapping and
binding roles of small algae and protozoans are also included in microbial studies
(Ridding, 2000).
The role of organic material in rock formation, especially beachrock, is not a new
idea; a generalized history of this topic is summarized in Webb et al., (1999). Early
models of beach sands include agglutination, a biological term used for the clumping of
particles, proposed by Maxwell (1962) along with Davies and Kinsey, (1973). Carbonate
cement production by photoautotrophic and degrading heterotrophic microbial
communities are suggested by Krumbein, (1979), Bernier and Dalngeville, (1988 and
1996). Webb et al. (1999 and references within) note the transition to physico-chemical
models to explain this occurrence, with CO2 degassing being the most popular of these
models recently. Some studies, (e.g. Krumbein, 1979), note the absence of support for
biological models due to the lack of preservation of organic materials. In contrast, other
studies, such as Webb et al. (1999) describe the presence of microbes in beachrock from
Heron Island along the Great Barrier Reef. Using SEM images and thin sections, they
were unable to identify the type of microbe present in the samples, but narrowed it to
bacteria or fungi. These microorganisms seem to occur in cavities or vugs in the
beachrock, at times along bedding planes, joint sets or fissures. This study looked at
micritic cements and found abundant preserved microbes. Webb et al. (1999) determined
that microbial origins cannot be discounted as having a role in the cement formation of
these rocks and suggest that the organic matter may promote nucleation and may as a
result control the distribution of cements.
5

In a laboratory model to simulate the formation of beachrock for a 3 to 4 month
period, microorganisms were added to some of the experiments and others, used as a
control, did not have microorganisms added (Neumeier, 1999). The results from this
study showed a variety of crystals of micritic cement, which appeared very similar to
naturally occurring micritic beachrock cements, formed from 1 to 20 µm in size. Control
experiments showed much less precipitation. Neumeier (1999) concluded that micritic
cements are formed in this setting under the influence of microbes or biofilms covering
the grain surfaces, confirming the importance of microbes and biofilms in cement
production.
Turner and Jones (2005) discuss biofilms related to bryophytes and cyanobacteria,
also creating a nucleation points for calcite crystals. This study looked at dendritic
calcite in a cold-water tufa setting, the dendritic nucleation occurred on or in biofilms
with a negative charge, resulting in the attraction of calcium. The dendritic nature of the
calcite is later replaced by normal forms of calcite, leaving no record of the dendritic
nucleus in the rock record. This type of calcite nucleation may occur in many marine or
meteoric settings due to the abundance of microbes and biofilms in these areas, and could
aid in the production of micritic cements, fibrous calcite cements, radial ooids, peloids,
sea floor precipitations, tufa, travertine, speleothems and microbialites, and some forms
of meteoric cements (Turner and Jones, 2005).
Meteoric cements form in the presence of fresh water and typically form in three
different hydrological settings including the vadose, phreatic, and mixed meteoric marine
zones. In the vadose zones, diagenesis is intense due to these waters typically being
undersaturated in terms of calcium carbonate. As water move through the lower vadose
6

zone, it undergoes percolation and typically becomes saturated with calcium carbonate.
The cements that result in this zone are normally irregular in distribution, small in crystal
size, are typically equant in shape, but may occur as meniscus or microstalactitic fabrics
with a round shape, and are connected at points of grain contact, due to the percolation of
the water through the grains (Moore, 1989). Phreatic meteoric cements form below the
water table where calcium carbonate that moved into solution in the vadose zone is
typically precipitated. Most porosity modification due to diagenetic processes also occur
in the phreatic zone. Cements in this zone are more likely to fill the pore space in a
homogeneous pattern. Isopachous rims of equant rhombohedral calcite crystals
commonly make up this cement type.
Meteoric cements can also form in conjunction with fresh-water lenses in areas
where the geology is not complex enough to support a regional meteoric water flow
system. In these types of locations water percolates through the vadose zone and is
moved in the phreatic zone a combination of different mechanisms including diffusion,
physical mixing and advective flow into the marine waters that are present under the lens.
Small islands, especially ones with seasonal rainfall may not support a fresh-water lens
all year round, larger islands can and are able to support a fresh-water lens at all times. In
these areas, porosity changes and cement characteristics in the rock are limited due to the
small volume of water present along with the constraints island settings put on water
movement. Mineral stabilization can occur quickly in these environments (Moore, 1989).
Meteoric cementation is traditionally considered to be the result of a chemical processes.
The role of microbes or organic matter in meteoric cementation remains inadequately
explored.
7

The Bahamas
The Bahamian Archipelago is a 1400 km long island chain, which trends from the
northwest to the southeast off the eastern coast of Florida the Turks and Caicos Islands
(Figure 2). The islands of The Bahamas are set up on isolated carbonate platforms and are
the result of carbonate production which has been occurring since the Cretaceous (Carew
and Mylroie, 1997 and references therein). No evidence of tectonic uplift is documented
in The Bahamas (Carew and Mylroie, 1995a) with the exception perhaps of Mayaguana
Island (Kindler et al., 2011). San Salvador Island is one of the eastern and outermost
islands in the archipelago (Figure 1) and is made up of young limestones, Middle
Pleistocene to Holocene in age. These limestones are made up of eolianites, beachrock,
fossilized coral reefs, beach facies, and paleosols (Carew and Mylroie, 1995b; 1997).
San Salvador Island also has a variety of karst and pseudokarst features, including flank
margin caves, banana holes, blue holes, pit caves, sea caves, and tafoni (Mylroie, et al.,
1995, Owen, 2007; Waterstrat et al., 2010).
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Figure 1

A map of the Bahamas

San Salvador Island to the eastern side of the archipelago (Carew and Mylroie, 1995).
Geology
The geologic of the history of the Bahamian Islands is based on sea-level
fluctuations and sediment deposition tied to sea-level highstands. A four phase model for
deposition was described by Carew and Mylroie (1995b). This model describes the
processes of subsidence, sea-level change, subaerial diagenesis, carbonate sedimentation
and their effect on the surface geology. The four phases are based on sea-level
progression, starting with the low-stand phase; followed by the transgressive phase, the
still-stand phase and the regressive phase. The phases described can be found in more
detail in Carew and Mylroie (1995b), see Figure 2.
9

The stratigraphy of the Bahamas has been described by Carew and Mylroie
(1995b: 1997), and their interpretations are summarized here (Figure 3A). Mylroie et al.,
(2012) offer a more detailed and elaborate stratigraphy, based on the unusual tectonic
situation previously mentioned for Mayaguana, and also based on analytical techniques
that do not yield a real-time interpretation in the field. For this study, the field-oriented
stratigraphy of Carew and Mylroie (1995b; 1997) is used, as it allows stratigraphic
interpretation while in the field (Figure 3B). The carbonate section is divided into three
different formations, the Owl’s Hole, the Grotto Beach, and the Rice Bay Formation.
These formations are bounded by the presence of unconformities which are expressed
commonly on the surface as terra rossa paleosols. These unconformities represent times
of sea-level low stand or phase 1 of Carew and Mylroie’s (1995b) sedimentation process
(Figure 3). The Middle Pleistocene aged Owl’s Hole Formation, the oldest on the island,
is composed of eolianite packages from several sea-level highstands and represents
deposits prior to the last interglacial (the sea-level highstand associated with the last
interglacial is known as Marine Isotope Substage 5e, or MIS 5e).

10

Figure 2

Carbonate Island Depositional Model

(from Carew and Mylroie, 1997).
No subtidal units are currently known to exist above modern sea-level in the
Owl’s Hole Formation, and ooids in this formation are rare. On San Salvador, no
outcrops of this formation are known to show stacked eolianites differentiated by the
presence of paleosols. Without this clear indication of an unconformity, segregation of
11

older eolianite assemblages is very difficult. As a result, any eolianites older than the last
interglacial (MIS 5e) are considered to be Owl’s Hole Formation. The Owl’s Hole
Formation can differentiated from the overlying Late Pleistocene aged Grotto Beach
Formation by the presence of a paleosol, or if the paleosol is missing, other erosional
surfaces. Figure 3B provides the mechanisms for solving Owl’s Hole Formation
presence in the field. Eleuthera Island contains stacked sequences of Owl’s Hole
eolianites (Kindler et al., 2010) indicating at least three sea-level highstands prior to the
last interglacial (MIS 5e).
The Grotto Beach Formation was deposited during the MIS 5e sea-level
highstand, which has been dated to ages from 124 ka to 115 ka representing about 9,000
years of depositional history (Thompson et al., 2011). The highstand is believed to have
reached a maximum height of 6 meters above modern day level (Chen, et al., 1991). As a
result of this the Grotto Beach Formation is a diverse formation containing eolianites,
subtidal and intertidal facies, and fossil reef deposits. The formation is the most
geographically diverse in terms of its exposure throughout the Bahamian Archipelago.
The Grotto Beach is composed of two members, the French Bay and the Cockburn Town
Members. The transgressive phase is represented by the French Bay Member, which is
comprised of fine to medium-grained oolitic eolianites, climbing wind ripple laminae,
and a limited number of vegemorphs (Carew and Mylroie, 1997).

12

A

B

Figure 3

Stratigraphy of San Salvador Island, Bahamas

A) The stratigraphic column representing the geology of San Salvador, showing the
location of the paleosols and oxygen isotope ages (From Walker, 2006, modified from
Mylroie and Carew, 1997). Note that recent usage has changed “Oxygen Isotope State”
to “Marine Isotope Stage”, or “OIS” to “MIS” (e.g. Mylroie, 2013). B) A flow chart that
can be used in the field to help determine an observer’s location in the stratigraphic
column on San Salvador Island (Mylroie and Carew, 2008).
13

The Cockburn Town Member represents the subtidal and standstill through
regressive phases of the depositional model (Figure 3). The marine subtidal deposits in
the Cockburn Town are known to have abundant fossils, which commonly include coral
reefs and mollusks, as well as trace fossils. The subtidal deposits are overlain by eolian
dune deposits which were formed during the standstill and regressive phases of
deposition and which contain abundant vegemorphs (Carew and Mylroie, 1997). The
Grotto Beach Formation is also separated from its overlaying layer, the Rice Bay
Formation, by the presence of a terra rossa paleosol, or other erosion surface such as a
wave-cut platform.
The Rice Bay Formation is Holocene in age, representing the youngest formation
on San Salvador Island. The makeup of this formation consists mainly of peloidal and
bioclastic rocks although some weakly developed ooids have been reported from San
Salvador outcrops. Oolite-rich eolianites of the Rice Bay Formation are found on other
Bahamian islands such as Cat Island (Mylroie et al., 2006). This formation represents
deposits that are associated with the modern sea-level highstand (MIS 1), and is defined
as Holocene in age based on the lack of an overlying terra rossa paleosol. Like the Grotto
Beach Formation, the Rice Bay also subdivided into two members, the North Point and
the Hanna Bay members. The North Point Member is composed entirely of eolianites,
whose foreset beds dip as much as 2 m below modern sea-levels, and has allochems that
have been carbon 14 dated to an age of approximately 5000 years old. The younger
member, the Hanna Bay, has allochems that have been carbon dated to approximately
3000 years old and consists of intertidal facies and eolianites, which are in agreement
with modern sea-level (Carew and Mylroie, 1987). This member has been found in
14

locations on Cat Island to be made up largely of well-developed ooids, as noted earlier
(Mylroie et al. 2006). The ages of these two members shows that sea-level was high
enough approximately 5000 years ago to have been be on the island platform and
producing carbonate sediment, then sea-level stabilized at modern level by approximately
3,000 years ago. See Figure 4B for the field observations that classify these units. For a
general overview of San Salvador surficial geology see Figure 4. Overall the geology of
the Island is simple, with no tectonic effects, this results in an area that is easy to study in
because it is restrained by both time and location providing fewer variables that have to
be considered in all research questions.

15

Figure 4

Generalized geologic map of San Salvador Island, Bahamas.

Yellow stars indicate sample locations. Samples were taken from tafoni at The Gulf and
on Cut Cay, as was done for the Owen 2007 study, samples collected at Watling’s Quarry
and Hanna Bay were surface samples that were collected so that representatives of every
rock unit on the island were sampled (modified from Owen, 2007, Robinson and Davis,
1999).
16

Petrography
The geology has been further studied by several different petrographic studies
done on San Salvador Island, and other islands in the Bahamas (Hutto and Carew, 1984;
Stowers, 1988; Schwabe, 1992; Carney and Stoyka, 1993; White, 1995). These studies
showed similar results until Owen (2007) and Owen et al., (2010) determined a higher
cement value as well as a lower pore space values. Common results of previous studies
frequently show grains to be formed from or to be fragments of foraminifera, bivalves,
red algae, Halimeda, coral fragments, gastropod fragments, and peloids. Ooids have also
been found by several studies; however, they are most commonly found in the
Pleistocene rocks of the Grotto Beach Formation on San Salvador Island (Carney and
Stoyka, 1993; Hutto and Carew, 1984; Carew and Mylroie, 1997). In comparing the two
rocks by age, peloids are the most common Holocene clast while bioclasts are the most
common Pleistocene clast (White, 1995).
A previous study showed cement values for the various rock types range from
five to ten percent (Carney and Stoyka, 1993). Theses cements have been found
commonly to be aragonite, high-magnesium calcite resulting from marine environments,
and meteoric low magnesium vadose calcite (White 1995). The study by Hutto and
Carew (1984) show the Holocene aged dunes to be less lithified than older dunes, and
that many of these Holocene aged dunes exhibit a calcrete crust with uniform lithification
present on all of the dune types. Lawlor (1985, in White, 1995), found in Holocene
dunes that rocks formed closer to the shoreline were more cemented than rocks found
farther from the ocean, as a result of sea spray. Holocene dunes represent a terrestrial
deposit, which may have later marine sediments developing on wave-cut benches in
17

dunes near the ocean (White, 1995; Carew and Mylroie, 1995b). Owen (2007; 2013) and
Owen et al. (2010) describes that sea spray may support cementation along costal cliffs.
Areas that regularly received sea spray were cemented significantly enough that the
erosional processes that form pseudokarst features known, as tafoni, could not act
effectively in these areas.
Petrographic studies conducted on San Salvador Island by Owen (2007) and
Owen et al. (2010), resulted in cement values for both Pleistocene and Holocene that
were significantly higher and pore space that was significantly lower was than previously
reported in the literature. This petrographic analysis was conducted with the purpose of
investigating salt wedging as a proposed method for tafoni formation on San Salvador
Island. To do this investigation samples were collected from both Holocene and
Pleistocene units, and were persevered with desiccants until they could be cut into thin
sections. These thin sections were then cut with oil instead of water (which would be the
normal protocol), and impregnated in a method that would be similar to what would be
used for water-sensitive samples. Analysis of these thin sections showed allochem types
that were typically reported by previous petrographic studies (Hutto and Carew, 1984;
Stowers, 1988; Schwabe, 1992; Carney and Stoyka, 1993; White, 1995;), including
peloids, gastropods, benthic foraminifera, bivalves, fragments of corals, various mollusk
pieces, red algae, Halimeda, bryozoans, ooids and coated grains. Isopachous elongate marine
and equant meteoric cements are present; however, these cement types are less common than
the meteoric cements that are present with preserved meniscus geometries (i.e. vadose
cements).

18

The thin section analysis yielded no evaporites present in any of the samples;
however, it did produce unexpected point count results. These results are shown in Tables 1
and 2. Holocene samples had an average cement of 25.4% and a porosity of 17.2%, while for
Pleistocene resulted in a lower percentage average of cement at 10% cement and a higher
percentage of porosity at 25.9%, this can be visualized in thin section, as shown in Figure 5
(Owen, 2007, Owen, et al., 2010). Point count results show that the Holocene cement values
were higher and porosity values lower than for the older Pleistocene samples. These
Holocene values were also higher for cement and again lower for porosity, than values
reported from similar previous petrographic studies (e.g. White, 1995), which used standard
water-based thin section preparation.

Table 1

2007 Point Count Results

Slide

Tafoni Location Depth (cm) Sample # Count

1
2
3
4
5

E2 Low
E2 Low
E2 High
E2 High
E2 High

0 to 4
16 to 20
0 to 4
8 to 12
16 to 20

E2 #2
E2 # 6
E2 # 7
E2 # 9
E2 # 11

6
7
8

Z Low
Z Low
Z High

0 to 4
16 to 20
0 to 4

Z#2
Z#6
Z#7

9
10
11

Z High
8 to 12
Z High
16 to 20
Between Z and 0 to 4
Y
12
Between E1 and 0 to 4
E2
Slides 1-5, and 12 are Pleistocene
Slides 6-11 are Holocene

100
100
100
100
419

Porosity
Percent
32
29
22
21
25.54

Allochems
Percent
58
60
70
67
65.63

Cement
Percent
10
11
8
12
8.83

101
100
101

18.81
11.00
16.83

55.45
63
55.45

25.74
26
27.72

Z#9
102
Z # 11
104
C ZY # 1 107

19.61
17.31
19.63

56.86
52.88
60.75

23.53
29.81
19.63

C E1 E2 # 106
27.36
2
Average
21.67
Standard Deviation 5.88

65.09

7.55

60.84
5.34

17.48
8.69

Table from Owen (2007) and Owen et al. (2010).
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Table 2

2007 Thin Section Averages
% Porosity

% Allochems

% Cement

Holocene Averages

17.20

57.40

25.40

Pleistocene Averages

25.91

64.13

9.97

Crust Averages

23.49

62.92

13.59

Table from Owen (2007) and Owen et al. (2010).
To look at the organic material in biofilms in more detail, samples were prepared and
viewed using a Confocal Laser Scanning Microscope. The microscope used was a LSM 510
Confocal Laser Scanning Microscope with an Inverted Aeissaxiovert 200 M Light
Microscope with a plan Apochromat 5X/0.16 NA objective lens. A FITC/TRITC
Fluorascein/Rhodamine/Transmission) filter set was used in Single and Multi-Track channel
mode imaging. Excitation wavelengths of 488nm/543nm and Emission wavelengths of 505530 nm (Green) and 560 nm (Red) were acquired at 512 x 512 or 1024 x1024 pixel size
(Owen, 2007, Owen, et al., 2010). When using transmitted light, a subtle brown color could
be observed within the equant spar. In the reflected light, a dull white color was obvious in
these same regions. Under the confocal microscope a bright red color was present. All of
these observations indicate the presence of organic matter. This organic matter is observable
within both peloids and cement, using a confocal microscope (Figure 6).
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Figure 5

Image from a Holocene North Point Member eolianite thin-section.

5A Shows no evaporite minerals, but more cement and less porosity relative to image 5B.
Image 5B is from Late Pleistocene Cockburn Town Member eolianite thin-section, again
showing no evaporite minerals, less cement than in 5A, but more porosity (Owen, et al.
2010).
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Org
anics
Figure 6

100

Photomicrograph taken
µm using a confocal microscope showing organic
matter.

Organic matter is present at the arrows within peloids and meniscus cements. This image
is created by stacking three digital images (plane light and two types of laser light). The
laser light causes red luminescence in the organic matter (Owen, et al., 2010).
Additional work was then done on these samples using a JEOL JSM-6500 Field
emission scanning electron microscope using a voltage of 5.0 KV and a working distance of
7.0 mm (Owen, 2007, Owen, et al., 2010). Samples were broken into small pieces and hot
glued to microscope appropriate pegs. Fresh uncontaminated sample faces were obtained this
way and these samples were then pumped down under gold coating to prevent the presence
of artifacts in the sample images (Folk and Lynch, 1997).
Samples viewed with the SEM showed some of the equant crystals have smooth faces
while in other areas where the crystal growth is incomplete, there are bacteria and small
spheres approximately 100 nm in size (Figures 7 and 8) (Owen, et. al. 2010). Biofilms also
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appear to be present when SEM images are compared to known biofilms induced in
sandstones as described by Fratesi (2002); see Figure 9.

The results of this unique sampling as well as the unusual sample preparation
regime used for the tafoni formation study shows evidence of organic participation of
biofilms in cement formation. These biofilm cements result in less porosity than shown by
previous studies for San Salvador Island. This study also indicated that the organic biofilmprecipitated cements seem to have a more important role in cementation occurring in the
interior of the dune, rather than on the outside crust of the dune, where it is possible and
likely that other cementation processes are occurring or have occurred, this is supported by
the observation that sea spray seemed to cement the eolianites to the point where pseudokarst
erosion was not able to occur. When a comparison is made between with Holocene and
Pleistocene eolian calcarenites which have been prepared by the same process, there appears
to be a loss of organic material over time, with less organics being observed in the
Pleistocene eolianites. This loss of organically-bound cement reduces the overall cementation
level of the older rocks and results in increased porosity.
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Figure 7

SEM photomicrograph of Holocene samples collected on Cut Cay

This images shows bacteria and nannobacteria on a calcite surface with organic texture
(Owen, et al., 2010).
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Figure 8

Additional SEM photomicrographs of Holocene samples from Cut Cay

This figure shows in A) Peloids with rough, clearly organic textures; B) Equant calcite
cement with mostly smooth surfaces in contact with organic peloid surface; C) Calcite
cement showing both smooth and organic textures (Owen, et al., 2010).
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Figure 9

A SEM photomicrograph showing a Laboratory induced biofilm

This biofilm was induced in a sandstone, using a dilute nutrient solution. Notice this
biofilm has a morphology similar to meniscus cements (Fratesi, 2002).
The decay of this organic material also results in noticeably softer rocks, as the
Pleistocene samples were much easier to collect, by hand, in the field than were the
comparable Holocene samples (Owen, 2007, Owen, et al., 2010).
The results of this initial and serendipitous study left several questions unanswered
which are objectives being addressed in this study. These questions include; does organic
matter promote calcite precipitation? Do biofilms create a unique microenvironment that
organizes cementation? Could the shape of meteoric cements be more closely related to
biofilm formation than water action through rock pore spaces? The resulting hypothesis for
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this section of the project is: Traditional TEM analysis will show that organic material plays
a role in calcite cement precipitation.

Methods
The analysis of potential biofilms began by reviewing samples collected in 2006
and initially analyzed by Owen (2007) and Owen et al. (2010). These same samples were
reviewed again using a JEOL JSM-6500 Field emission scanning electron microscope using
a voltage of 5.0 KV and a working distance of 7.0 mm. Samples were broken in to small
pieces and hot glued or attached with carbon paper to microscope appropriate pegs. Fresh
uncontaminated sample faces were obtained this way and these samples were then pumped
down under platinum coating which provides finer coverage than gold coating, which was
used by Owen (2007) and Owen et al. (2010). Platinum was used for the new samples due to
its having a finer granularity, which allows for less artifacts to be created during the sputter
coating process (Bozzola and Russell, 1998). Initial samples collected in 2007, were reinvestigated, these samples included both Holocene and Pleistocene aged rocks collected
from tafoni locations on San Salvador Island, Bahamas. These samples were collected at
depths ranging from surface or crust samples to depths of 20 cm to provide the most
information about the role of biofilms with meteoric cements.
These original samples were viewed under the SEM over three different times from
Late September until early November, 2013. The samples were reviewed in this manner to
make the determination about the volume of organic material still present in the samples and
to consider if additional Transmission Electron Microscope images might provide better data
about the role of organic material in the precipitation of meteoric cements in carbonate rocks.
Despite the age of the samples and the fact that the bacteria in these samples could be
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considered mummified relics it was determined that enough organic material was present in
these samples that additional analysis would be useful.
New samples were collected in a field session on San Salvador Island in from
December 29th, 2013 through January 1st, 2014. Samples were collected using the same
protocols as Owen (2007) and Owen et al. (2010), and were collected from the same
locations including, Holocene aged samples from Cut Cay, and Pleistocene aged samples
from The Gulf (Figure 4). These samples were collected at the exposed surface and moving
inward, while collecting five samples at each location, each sample represented 4 centimeters
of the 20 centimeter maximum collecting depth. Samples were collected both high and low
in each tafone as was done in 2006. Crust samples between the tafoni were also collected, as
well as lowest tide samples at each location. All samples were labeled showing the upward
direction on the outward face. These samples represented the North Point Member of the
Rice Bay Formation (Cut Cay), and the Cockburn Town Member of the Grotto Beach
Formation (The Gulf). Additional samples surface and surficial tafoni samples were collected
from the Owl’s Hole Formation, as well as the French Bay Member of the Grotto Beach
Formation from Watlings Quarry, along the southern face of the quarry. Samples were
collected from the rock face as well as the surface of a tafone. The last of the samples were
collected at a Hanna Bay outcrop of the Rice Bay Formation, which essentially resulted in
sampling of all the rock units exposed on the island. All the samples collected were stored in
air-tight ziplock bags with two desiccant packages to eliminate as much moisture as possible
from reacting with the sample. GPS points were collected at each sample location and the
original 2006 sample locations were confirmed from points collected at that time using a
Magellan eXplorist 200 handheld GPS unit.
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Samples collected in the field were then used for Transmission Electron Microscopy

(TEM), and thin section analysis. Two different TEM models the JEOL 1230 120 KV,
and the JEOL 1230 200 KV, were used to complete this portion of the analysis. Samples
of both Holocene and Pleistocene in age were prepped for TEM analysis. Samples were
selected based on the amount of organic material that was present in the comparable
samples collected for the Owen (2007) study. Sample preparation was determined in a
somewhat trial and error approach due to the fact that rock samples are typically not
prepared in such a way to preserve or view organic materials within them. Attempts were
made to preserve the organics in the samples including osmium vapor fixing of the
samples; however, this approach made little impact on the samples themselves, so
samples used for this study were instead moved directly in to resin. Traditional
dehydration methods were also not found to be useful for these types of samples due to
the friable nature of these rocks. Ultimately the samples were prepped by simply moving
a small cluster of just a few grains stuck together by meteoric cements from each sample
and placing them in hollow capsules, which were then filled with resin. Despite the small
size of the samples, they proved to be too dense for the initial resin used, LR White.
Samples were then prepped with Spurs resin, with the hope that the denser resin would
contain the samples. The samples also “fell through” this resin as well, but much less so.
To prevent this outcome and make the samples usable for the TEM process, small
amount of Spurs resin was solidified at the bottom of the capsules, then the samples were
added and the rest of the resin was filled in around the sample. Samples were then
encased in resin as appropriate for the TEM analysis.
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Resin was then trimmed away using a razor blade to create a 1 by 1.5 mm
trapezoid. The trapezoid was then faced in a Microtome and thick sections were cut, at a
thickness of 0.5 µm, using a diamond knife. The thick sections were then viewed under a
basic light microscope to make sure rock and cement material was present. Thin sections
were then cut and placed on a 200 mesh copper grid to be viewed in the TEM. Attempts
were made to create thin sections of 0.2 µm, a standard size for organic TEM sections,
however, when these sections were cut the rock material disappeared into the water of the
knife boat. Thin sections for this research were then cut to 0.3 or 0.4 µm so that the rock
material would be present on the grids. Grids were then stained with ural acetate for 20
minutes followed by lead citrate for 7 additional minutes. After viewing the initial
sections on the TEM scope it was determined that the ural acetate did not add to the
contrast of the sample and the image generated so only lead citrate was used for future
samples. The stained grids were initially viewed on the JEOL 1230 120 KV TEM scope,
but due to the thickness needed for the samples to remain in the section, the samples were
too thick and the images produced were not able to be well focused. Finally the grids
were viewed using the larger JEOL 1230 200 KM TEM scope, which was better able to
be focused and produce quality images.
Due to the work intensive nature of the TEM prep work not all samples collected
could be analyzed using the method. Remaining samples were made into traditional thin
sections where meteoric cement characteristics and amounts can be viewed. Due to the
organic nature of the samples, some samples were be impregnated with paraffin wax to
see if this will provide additional preservation of organic material for traditional thin
sections. The thin sections were prepared by Spectrum Petrographics, following a
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procedure for “dry” specimens, where the thin sections will be cut in oil, epoxied, and
covered with a coverslip to prevent atmospheric moisture from infiltrating the slides. A
few additional thin sections were created using a hot epoxy to drive off the extra paraffin
present in the samples.
Results
SEM work was conducted in September through November of 2013 to determine
the extent of organic material in carbonate samples collected in 2006. Images collected
during these sessions show organic material present in both Holocene and Pleistocene
aged samples at various depths of collection and are similar to images collected in 2007
which are reported in Owen (2007) and Owen et al. (2010). Organic material is present in
the form of bacteria on the surface of peloids and cement crusts. Bacteria also appear to
be present within meteoric cement crystals as well (Figure 10). Features believed to be
organic matter or large organic molecules appear along broken cement crystals faces as
bumpy surfaces, instead of smooth crystals that would be the expected appearance of
inorganically precipitated meteoric calcite cements (Figure 11).
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Figure 10

A Pleistocene aged sample collected from approximately 8 cm deep.

This image shows the basic appearance of the carbonate eolianites through the SEM. In
this image peloids are visible along with crusts of meteoric cement film left behind when
peloids have been broken off the sample. Organic materials along with possible fungi
filaments are also visible.
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Figure 11

SEM Image of a Holocene aged rock showing a rough texture

The rough texture present in meteoric cement crystals, which should be smooth. It is
believed that this rough texture is organic material which may be playing a role in cement
formation. This rough texture can be seen even within the hole in the crystal seen in the
middle of this image.
The samples collected along the rock crust layer, which was not affected by the
tafoni erosional process, appear to have large amounts of organic matter that include
bacteria, and fungi filaments. The Holocene samples appeared to contain more organics
than Pleistocene samples base on simple observation.
Thin sections were created of the samples collected in 2013 and viewed under a
regular light microscope with cross polarizers. The allochems found in the current
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samples were similar to previous to the samples collected in 2007, as well as what was
found in earlier petrographic studies (Hutto and Carew, 1984; Stowers, 1988; Schwabe,
1992; Carney and Stoyka, 1993; White, 1995;). The thin sections contained meniscus
structures, meteoric cements present between the peloids and possible organic materials.
TEM analysis was completed next on the 2013 samples, to determine the extent and role
of organic materials in cement formations. TEM results found a surprisingly large
amount of organic material present in the rock samples, in the area around the peloids,
and in the areas where the meteoric cements were present. Figure 12 shows the location
of Figure 13, with respect to the peloid in the sample. Figure 13 shows the presence of
organic material within meteoric cement rimming the peloid. The crystal is growing
from the left side of the image towards the right side of the image. Organic matter is
stained dark by the stain. Organic matter is clearly abundant in the initial phases of
crystal grown and it appears as clumps about microns in diameter, caught up within the
crystal. The size of the clumps of organic matter decrease and the percentage of organic
matter decreases as the crystal grew away from the center of the peloid, outward. Figure
14 shows the presence of a microbe, probably bacteria, along the end of a calcite cement
crystal.
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Figure 12

This image shows the location of Figure 13

This figure shows the location where the image used in figure 13 taken, circled in red.
This image shows the multiple peloids present in the sample, along with two grid bars
from the copper mesh grid used to support the thin sections on the TEM (dark linear
shadows in the image).
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Figure 13

An Image from the TEM analysis, using the 200 KV scope

This image was taken along the edge of a peloid and shows grains of cement with organic
material present along the edges. The image also shows a gradation with larger grains
closer to the peloid getting smaller towards the edge. The scale on the image is 2 µm.
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Figure 14

A TEM micrograph of microbes, probably bacteria, present along the edge
of a cement crystal.

Discussion
All previous work done on the role of organic matter in meteoric cementation
biofilms by Owen et al. (2010) along with current research here shows the presence of
organic material and potentially biofilms in these carbonate eolianites.
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The organic presence is difficult to identify under basic light microscopy,
possibly because standard thin sectioning techniques are not designed to preserve organic
matter. Organic matter is, however, clearly visible, using both SEM and TEM scopes as
well. The nature of how TEM samples were created makes it very difficult to sample the
exact area needed to determine if the organic material itself is aiding in the precipitation
of meteoric cements, Thin section analysis along with confocal microscopy done by
Owen et al. (2010) showed the presence of the organic material in abundance. Figure 12
shows the location of the image in Figure 13 is right on the edge of the peloid, meaning
this is meteoric cement. Figure 13 shows organic matter with an average size of x
microns initially caught up in the core of the meteoric crystal, as the crystal grows the
amount and size of the clumps of organic matter decrease. SEM work also shows the
location of the organic material with in cement crystal faces, and TEM analysis
confirmed this result. SEM also showed that the organic textures varied from face to face
in the crystals
The abundance of the organics is larger in Holocene rocks than Pleistocene rocks,
based on point counts of the thin sections, created for water sensitive samples, a higher
amount of organics result in higher cement levels and lower porosity levels in Holocene
rocks, when compared to the water-based thin section analysis of earlier investigators.
This organic material appears to less abundant and may decay as rocks age. Pleistocene
rocks from this study contain, less organics than the Holocene rocks, and saw cement
levels go down and porosity levels go up in point count analyses. The amount of this
much organic material must affect the geochemistry of the environments where meteoric
cements are forming within the eolianites. The shape of meteoric cements also may be
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affected by biofilms. Every water droplet that moves through the pore space in a rock
has a percentage of calcium carbonate that will become part of a cement crystal, water
moves through different amount of pore space and the distance between the peloids are
also often different, yet the shape of meniscus meteoric cements are always the same.
This idea seems somewhat problematic when using water as the only mechanism for this
type of cement formation. Biofilms on the other hand actually always dry in this same
meniscus shape, it does not have to be transmitted through pore space or have a limited
amount of calcium carbonate in the same way that water does. Based on the abundance of
the organic material in the Bahaman rocks used for this study, biofilms could also
account for some (if not all) the abundance of stray carbon present in isotopic analysis
although additional research would be needed to prove this Perhaps future studies on
meteoric cements should confirm the amount of organic material present with in a sample
using both confocal and TEM microscopes in order to validate or negate their isotopic
data. Additional research is needed on all aspect of the roles of biofilms in rock and
cement formation, to fully grasp the affect that biofilms may have on rock forming
processes.
Conclusions
This study shows the abundance of organic material present in the Quaternary
carbonate eolianites. This organic material seems to be playing a role in meteoric cement
formation in these type of rocks in The Bahamas and possibly elsewhere. While this
study has not proven this role yet, it does show that the organics are within the rocks, and
are abundant enough to affect the geochemical signatures of the cement-precipitating
environment. The organics influence cement and porosity values and explain the
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difference in those values between Holocene and Pleistocene eolianites. This abundance
of organics, if not accounted for in isotopic analysis, could also be the reason for the large
amounts of stray carbon that occurs. This study also discuss the possibility that biofilms,
which always dry in a meniscus shape, may be the reason for the shape of meniscus
cements as opposed to water, however, additional research will be needed on many of
these points to understand the full effects of organics and/or biofilms on cement
precipitation and formation.
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CHAPTER III
CAVE PRESERVATION ON THE ISLAND OF MALLORCA

Literature Review
The second part of this project moves away from microscale void space and
moves to cave preservation on the Island of Mallorca. The island of Mallorca is the
largest of the Spanish Balearic Islands; it is located approximately 230 kilometers
southeast from the Spanish mainland, in the western Mediterranean Sea at 39o 30' north
latitude and 3o east longitude. The remaining Balearic Islands, Menorca, Ibiza, and
Formentera, are all located in near Mallorca. Menorca lies ~50 km to the northeast, with
Ibiza and Formentera ~100 km to the southwest (Figure 15). The Island of Mallorca has
an area of 3,667 km2, with a microtidal range of ~0.25 m (Gomez-Pujol, 2013). The
Balearic Islands are rather complex in geologic setting, and are the result of Alpine
orogenic compressional events between the European and African plates, from the
Paleogene to the Middle Miocene epoch (Tuccimei et al., 2007). The deformed rocks on
the islands range in age from Mesozoic, Paleogene, and Early to Middle Miocene, which
are overlain by relatively flat carbonate rocks deposited during the Late Miocene through
the Pleistocene (Pomar, 2001). The carbonate rocks in the study areas are Late Tortonian
to Early Messinian in age, with the Tortonian-Messinian boundary represented by an
unconformity, which is a paleokarst surface. The units immediately above this boundary
are known as the Terminal Complex (Fornós et al., 2005), which is made up of well41

bedded calcarenite and calcisiltite. Moving up section, this unit becomes more of
massive and oolitic type limestones. The study area along the southeast coast of the
island has a continuous coastal cliff which is more than 30 km in length, and contains
vertical faces ranging from 5 to 56 m high (Fornós et al., 2005). The geology of the study
area was critical to the study objectives because it allowed for the formation of flank
margin caves in settings that could be compared between protected and preferentially
erosional areas. The cliffs have been cut into reentrants known by the locals as calas.
The term cala is used regionally throughout the Mediterranean and Malta as well as
Croatia, Provence, and Corsica. The term cala has been in the literature for a long time
and can be traced back to 1123 AD (Gomez-Pujol, 2013, and references therein).
Approximately 90% of the Balearic Island shoreline is made up of rocky coastline where
calas are abundant. The calas are commonly perpendicular to the coastline and can extend
inland hundreds of meters. The calas appear to initiate geomorphically as cliffed bays and
then continue to retreat inland, in many cases as terrestrial canyons which have
ephemeral surface drainage and vertical walls. Classification of calas have been
attempted by Trenhaile (1987) basing on genesis mechanisms. True calas have been
described by Trenhaile (1987) as dry karst valleys which have been flooded by
transgression of Holocene seas, while areas of coastline that take on an irregular patterns
due to selective erosion are known as calanques-ciques. True calas are believed to form
in thick uniform limestone units, where collapse due to karst processes and other
erosional forces cause the overall shape. Calas are also believed, at times, to be fault
controlled (Gomez-Pujol, 2013 and references therein). Of the calas on the southern end
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of Mallorca Island, two specific calas were selected for further examination for this
study, Cala Pi and Cala Figuera (Figures 15 and 16).
Coastal caves, a general term for any cave forming in a coastal setting, are
common along the cala cliffs and slightly inland in the study area. These caves are
believed to be a specific type of cave known as flank margin caves, Cueva Bandito and
Cueva Sopressa are examples shown in Figure 16A. Flank margin caves are seen around
the world, in carbonate coastal and island settings and carbonate island types. Flank
margin caves are produced due to dissolution along the discharging margin of the freshwater lens and a combination of three factors: 1) mixing dissolution at the halocline, 2)
oxidation of organic material collecting at the top of the water table and at the halocline,
and 3) increased flow velocities occurring along the thinning lens margin (Mylroie,
2013). As reviewed by Mylroie (2013), cave growth is promoted in the area where
mixing of fresh and marine waters occur at the bottom of the lens, and mixing of vadose
and fresh-water at the top of the lens. Along the lens margin, these dissolutional
environments are superimposed and result in the maximization of dissolutional potential.
The dissolutional potential is enhanced again due to the organic load, which oxidizes and
alters the chemistry of solution, and in turn, results in greater dissolution of calcium
carbonate (Bottrell et al., 1993). These dissolutional processes result in caves that appear
similar in morphology to caves classified as hypogenic by Palmer (1991), a type of cave
formed by mixing of waters at depth. The name “flank margin cave” is derived from the
formation of the cave in the distal margin of the fresh-water lens, under the flank of the
enclosing landmass (Mylroie and Carew, 1995).
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Figure 15

Showing the Island of Mallorca and the two selected study locations

The upper smaller image showing the location of Mallorca and the other Balearic Islands,
relative to Spain (Mylroie et al., in press).
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Figure 16

The two field sites Cala Figuera (A) and Cala Pi (B)

These two images show the cave distribution in both calas. Figure A also shows the
location of Cueva Bandito and Cueva Sopressa.
Flank margin caves are typically characterized by globular rooms that are
separated by thin walls and typically do not have a natural entrance. The largest flank
margin caves are typically produced on exposed carbonate platforms where diffuse flow
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occurs in a freshwater lens for a substantial amount of time, allowing for the
maximization of carbonate dissolution. Flank margin caves can develop at the same time
as carbonate deposition is occurring, in many environments, and are considered
syndepositional (Mylroie and Mylroie, 2009). As a result of this origin, flank margin
caves are preferentially disposed to preservation as paleokarst (Mylroie and Carew,
1995).
Due to the formational mechanisms that create flank margin caves, this cave type
is tied to sea-level position, and can be used to indicate previous sea-level horizons
(Mylroie and Carew, 1995; Carew and Mylroie, 1995a). Because flank margin caves
form under the flank of the enclosing landmass, they are vulnerable to surficial exposure
by normal terrestrial or marine erosional processes. Flank margin caves in many stages
of intersection can be observed throughout many coastal environments, including
Mallorca and The Bahamas. Breached flank margin caves are also common in some sea
cliffs, where caves may be breached by wave action and/or overprinted by other erosional
processes, which may remove some of the typically flank margin characteristics. The
differentiation between cave types and caves that have been overprinted is important in
determining the correct sea level position and has been the topic of many different
research projects and will be discussed in more detail later in this literature review
(Waterstrat et al., 2010, Owen, 2007, Lace, 2008). Uplift and glacioeustasy in Mallorca
has positioned preserved flank margin caves at the surface, allowing them to be
categorized for modeling and other research purposes.
The purpose of the Mallorca work was to survey and characterize the flank
margin caves of the coastal cliffs and calas, to determine the relationship between the
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calas and cave formation. The hypothesis to be tested is that: flank margin caves are
preferentially found inside the calas, where the protected embayment prevents sea cliff
erosion that would remove the caves.
Methods
To address the objective of this part of the project, field work was conducted over
a seven day period, November 20-27, 2010 by a seven-person team at the two study
areas, Cala Pi and Cala Figuera (Figures 15 and 16). All known caves were surveyed with
Suunto® compasses, with distance measurements taken by Disto® laser range finder or
in some cases fiberglass tape, as brighter lighting conditions in breached caves made use
of the Disto® very difficult. These measurements were taken following standard cavesurveying protocols (e.g. Dasher, 1994). These caves were then tied in to a surface survey
that was created using the same protocols. GPS readings were also collected along cave
entrances and other locations in the surface survey, using a Magellan® eXplorist 200
handheld GSP units. These data were then used to construct a database which was
applied to model cave distribution in both study areas. Several paleoslump features
visible in the exposed cliffs were also documented and described following the same
protocols as caves, during the survey process.
Upon return from the field, all GPS data were collected in and entered into a
geodatabase using ArcGIS software, these data were then plotted on a base map with
layers to show the general locations and distributions of all surveyed caves at each of the
study locations. Cave maps and survey lines were then georectified using GPS
coordinates, to the base maps, then cave maps and images taken of each cave were
hyperlinked to GPS locator points, created for each cave type, on the base map to provide
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an interface where all relative cave data could be viewed in one location, using an
ArcGIS viewer, in such a way that all data were tied to the location where collected.
After the data could be viewed by study area, additional work was done to quantify the
total cave distribution in each study area. A total number of caves for each cala were
determined, then additional data were calculated from the cave distribution at each study
location including: total cave aerial foot print, average footprint per cave, total volume,
and average cave volume. These calculations were done for caves that were in the
protected area within the calas, and not subjected to as much wave and wind erosion, as
well as exposed caves on cliffs facing the Mediterranean Sea so that comparisons
between the two areas could be made.
Results
Forty-five caves were surveyed at Cala Figuera (Figure 16A). The twenty caves
in the exposed condition on the sea cliffs facing the open Mediterranean at this location
resulted in a total aerial footprint of 1915 m, or an average of 96 m2 per cave, these
exposed caves resulted in a total cave volume of 3625 m3or an average volume of 181 m3
per cave. There were 25 caves protected by being inside the cala, which resulted in a total
aerial footprint of 3652 m2 and an average of 146 m2 per cave, these caves had a total
volume of 7845 m3 resulting in an average of 314 m3 per cave. Cala Figuera trends
perpendicular to the coast for its entire surveyed length (Figure 16A).
At Cala Pi, 63 caves were surveyed either in the cala or adjacent to it (Figure
16B). There were a total of 12 caves on the exposed coastline, with a total aerial footprint
of 360 m2 producing an average area of 30 m2 per cave, these caves had a total volume of
716 m3 resulting in an average volume of 60 m3 per cave. Within the protected area of
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the cala, 51 caves were mapped covering a total area of 1125 m2, and resulting in an
average area of 22 m2 per cave, these caves had a total volume of 3146 m3, and an
average of 62 m3 per cave. Cala Pi, unlike Cala Figuera initiates perpendicular to the
coastal cliff line, and then turns to the northeast, such that it becomes parallel to the
exposed coast (Figure 16B). This set up allows direct comparison of cave development
along between the cala and exposed coast which have similar directional trends.
A large number of paleo-slump structures were observed in the cliffs at both study
areas, they were found both within the cala and on the exposed coastline (Figure 17).
The slump structures were often observed to be located in conjunction with and often
crossed the Tortonian-Messinian unconformity. The slump structures are not breccia
pipes, which might typically be found in this type of setting, but instead were found to be
soft sediment flow features which would indicate they formed while the carbonates
sediments hosting them were still unlithified. While observing the slumps moving up
section, the slumping structure gradually diminishes until upper beds cross the slump
without any deformation to their bedding plane (Figure 17). These observations indicate
a syngenetic origin for the slump structures, producing soft-sediment deformation predating lithification.
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Figure 17

A slump structure present in the Cala Figuera study area.

The Toronian-Messinian boundary is present along the middle of the image and
soft sediments are slumping into a collapsed flank margin cave. Soft sediment
deformation occurred until the slump structure filled the collapsed cave accommodation
space, then horizontal beds formed near the top of the image (Mylroie, et al., 2011).
Discussion
Overall the results show that caves in the protected areas of the calas contain more
caves than exposed areas. At Cala Pi, there are a larger number of caves within the cala
itself with a lower average volume, showing that the smaller sized caves are being
preferentially eroded away along the exposed cliff settings; this creates a bias in volume
calculations where the average volume seems larger for the caves along Cala Pi. These
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differences were not as apparent at Cala Figuera where there were 20 caves along the
exposed cliff compared to 25 within the protected area; however this study area shows a
larger area and volume numbers for the protected caves, and showing more chamber loss
in exposed caves at this location.
The data collected during this study supports the interpretation that the calas in
both locations were incised before cave development occurred. If a field of caves had
been present and then breached by cala formation, then there should have been no
numerical difference between exposed and protected environments. Assuming there was
a uniform and extensive cave field that the cliffs in both setting retreated through to form
their current location and standing, new caves should have been breached during the
retreat to replace caves that were removed by cliff erosion. If cave development was
limited to the chemically active fresh-water lens margin, the number of caves should
decrease as one would move inland away from the margin. In this case, there would be a
finite number of caves that are being removed due to the coastal cliff retreat. Inside the
calas, that finite cave population would be protected from cliff retreat, and this would
result in them being preferentially preserved. The results of this study show a numerical
difference between the numbers of exposed vs the number of protected caves, indicating
that cave development is limited to the paleo-lens margin location, and that primary cala
incision must have occurred at some point in time prior to the most recent flank margin
cave development. The interaction of both tectonic changes and glacioeustasy has
resulted in a complex sea-level history for the coastlines of Mallorca. That complexity is
demonstrated by the calas used in this study and the flank margin caves, present within
them. Flank margin cave formation in this setting would require the calas to be incised,
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and then invaded by marine waters to create the fresh-water lens margin necessary for
flank margin cave development, inside the cala cliffs. Given that the flank margin caves
in the calas are at many different elevations, the sea-level position must have been highly
variable, stable at any position long enough to create flank margin caves, but not long
enough to allow large, complex and integrated cave systems to form that can be seen in
other flank margin cave localities.
This formational interpretation is supported by flank margin cave data from all
around the world (Mylroie and Mylroie, 2007) and is in agreement for these caves to be
formed following the flank margin model. The largest flank margin cave in the world,
the Sistema Faro cave system on Isla de Mona, has a maximum inland extent of 257 m,
despite having almost 20 km of passages over the entire system. The large size of
Sistema Faro is due to the long-term fresh-water lens position being stable at a constant
horizon long enough for a cave this size to form. Sistema Faro is pre-Pleistocene in age,
and therefore developed before the high-amplitude, short-wavelength glacioeustasy that
characterized the Pleistocene (Mylroie and Mylroie, 2007). On tectonically active
islands, such as in the Mariana Islands, the time of lens stability was much shorter,
resulting in a large number of flank margin caves, however, these caves do not show the
high degree of passage interconnection that results in the long cave passage lengths,
similar to what is seen on Isla de Mona (Jenson et al., 2006). Mallorca flank margin
caves are very similar to flank margin caves found on the Mariana Islands, in that they
have many abundant chambers that are of a modest size, which show few if any
interconnections with each other, resulting overall in smaller caves and not larger cave
systems. These results indicate that the Mallorca sea-level was transient and not stable
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consistently, as a result of the interplay to tectonics and glacioeustasy. This interplay
caused the fresh-water lens to move as sea-level moved, which resulted in the production
of the small but numerous unconnected flank margin caves observed in this study.
All results in this study indicate that Mallorca’s flank margin cave formation is
restricted to a thin coastal area coincident with a transient (i.e. a few thousand years)
fresh-water lens position. These observations do not allow for the idea of an extensive
field of voids going inland to any significant distance. These results would be critical for
any attempts to successfully model flank margin caves as paleokarst in the deep
subsurface, as the caves themselves may not be resolvable at depth, but the coastal
reentrants would be.
Flank margin caves can also be used on Mallorca to explain the numerous slump
structures in the Upper Miocene units present in the study areas (Figure 17). The
boundary between Tortonian and the Messinian is an unconformity, where the Tortonian
carbonates had to be subaerial exposed, as shown by the presence of a paleokarst surface.
The formation of the slump structures can be explained as the result of failure of the roof
of various flank margin caves that were produced when the Tortonian rocks were
subaerialy exposed. Figure 18 shows the how flank margin cave failure as the cause for
slumping has several advantages scientifically. First, a sea-level position near the top of
the Tortonian would allow flank margin caves to form with relatively thin roofs that
could easily collapse later when loaded by the Messinian carbonates after next sea-level
rise. Secondly, the isolated, single-chamber nature of flank margin caves would limit
accommodation space for sediment infill, such that the slumping would initially occur,
but then would cease as the relatively small cave chamber filled with sediments, this
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filling would then allow for continued carbonate sediment deposition to form smoothly
over the slump structure after all the accommodation space was used. Finally, only the
flank margin model, occurring in an area of sea-level fluctuation, would allow isolated
dissolutional void production in the numbers necessary to generate the large number of
observed slump structures in the field. It was also observed that many slump features
can be observed to originate below the Tortonian-Messinian boundary (Figure 18),
however, not all do. This observation can be explained by noting that not all slumps have
been sectioned, to date, by cliff retreat to their central axis. If a slump has only been
partially sectioned or has been sectioned inland beyond the central axis, then it will show
the slump appearing ending above the Tortonian-Messinian boundary when it does not in
actuality (Figure 19).
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Figure 18

A cartoon rendering showing the proposed stages of slump development at
Cala Figurea

A) The formation of flank margin caves due to subaerial exposure of Tortonian
carbonates. B) The transgression of the sea, which results in removal of the fresh-water
lens and the carbonate loading beginning to occur along the surface of the Tortonian
carbonates. C) The collapse of the flank margin cave roof due to the carbonate loading
allowing the unlithified sediments to fill the cave void space. D) Once the
accommodation space of the cave is filled the slump structures cease and as sediments
continue to be deposited the beds eventually become planer again over the top of the
slump structure (Mylroie et al., in press).
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Figure 19

A cartoon rendering of how the carbonate slump structure terminates in a
flank margin cave

Part A shows how the slump feature would be viewed if the vertical slump axis has
eroded to the point where the flank margin cave that caused the slump feature is visible.
Part B shows a section that is not along the vertical slump axis, in this case the viewer
does not see the flank margin cave that caused the slump feature and does not observe the
slump occurring at the Tortonian-Messianian boundary (Mylroie et al., in press).
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Conclusions
A better understanding of the paleokarst formation and sea-level position along
the coastal setting of Mallorca was determined through the analysis of flank margin cave
abundance and configuration of the coastal cliffs along Cala Pi and Cala Figuera. This
study demonstrated that the exposed cliffs fronting the Mediterranean Sea had
experienced more cliff retreat, with subsequent loss of flank margin caves, than the
comparatively protected areas within the calas. The data from this study also indicate
that the current exposed set of flank margin caves formed after cala incision had already
occurred, and that sea-level had to be largely variable during the time of cave formation
due to the abundance of small caves at varying elevations.
This study also showed that slump structures occurring in the Upper Miocene
limestones of both Cala Pi and Cala Figuera represent Tortonian flank margin caves that
have collapsed and subsequently become in-filled due to carbonate production during
Messinian time. It was also determined that the location of the vertical slump axis
relative to the observed plane must be considered for an accurate interpretation of the
flank margin origin of these slump structures.

57

CHAPTER IV
MEGA POROSITY AND KARST MODELING

Literature Review
Once cave preservation has been considered the cave morphometrics must also be
understood to provide a complete understanding of the void space as well as its potential
as a hydrocarbon reservoir. This had traditionally been done using the same cave
mapping techniques listed above in the Mallorca methods however, Cave mapping is not
an exact science but has been established long enough that standards have been set and
are now typically used (e.g. Dasher, 1994). Cave maps are typically created using what is
known as the tape and compass method, typically using a Suunto® compass but a
Brunton® or other brand of compass may also be used. The compass is used for
measuring the azimuth and a separate or included inclinometer is used to obtain the
inclination between survey shots. The distance between shots has been historically
recorder using a fiberglass tape, but as technology has become better and more rugged,
laser range finders, such as the Disto® have been used (Dasher, 1994). The idea of the
sketcher, the person who draws the cave map as it is surveyed, has been around since the
first cave maps were created; however, modern day sketchers draw the cave map to scale,
while the survey is being conducted, as well as record all numerical data collected by the
rest of the survey team. Detailed symbols were also developed and standardized to
represent various features of a cave including morphology, rock type, speleothem types,
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and other important information about the cave passage (Dasher, 1994). In attempt to
capture the true nature of cave passages, measurements are taken at each station of
passage dimensions left, right, up, and down (LRUD’s), measured perpendicular to the
station location. At the end of the survey, the data are entered into a cave mapping
software, where the center line plot is calculated, and cave maps can be digitally drafted.
Compass® cave surveying software created by Fountainware, is a commonly used
example.
The need to compare caves quickly became apparent. Cave size has historically
been determined by surveyed length (Mylroie, 2007). However, this method of
comparison immediately allows for the development of observational bias. Based on the
current method of cave surveying, it would be almost impossible even for the same
survey team to reproduce exactly the same survey length, as station location is subjective
and often changes based on the cave type and skill level of the survey team. Overall, the
practice of using survey length as a proxy for cave size works best for traditional stream
type caves, where survey shot could be longer and better catalog the true nature of the
cave passage. This method however, does not work well for nonlinear cave types.
Modern attempts to classify caves started in earnest in the early 1990’s, with Palmer’s
landmark work “Origin and Morphology of Limestone Caves” in 1991 becoming the
basis of today’s cave classification techniques. Palmer classified caves by the formational
mechanism and the overall area pattern that the cave expressed as opposed to the just the
survey length of any given cave. In this paper Palmer (1991) describes many different
cave types, including ramiform, network, and anastomotic, that do not follow a typical
linear path similar to that of a stream cave. He also defined terms for cave formation
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including epigenic, which represent caves which are formed from water moving from
adjacent surficial sources, and hypogenic, which represent caves formed by deep-seated
fluid flow. Studies in cave morphology determined that overall cave area was more
descriptive for many caves types, for example flank margin, ramiform, and anastomotic
caves than the traditional measure of survey length (Palmer, 1991; Mylroie, 2007).
After Palmer’s initial work (1991), additional morphology studies of cave began
to emerge. Roth (2004) studied the morphology flank margin caves, and showed that the
development of flank margin caves could be modeled and even predicted with the correct
software applications in some locations, as well as that the ratio of area to perimeter
plotted along a straight line for flank margin caves. Additional work was done by Reece
(2004) studied the morphology of flank margin caves on carbonate cliffs and compared
them to the morphology of fossil bioerosion notches, which were similar in morphology
but could be discerned visually when comparing the two. Later studies use software and
cave maps to measure and compare morphology measurements between cave types to
determine or differentiate between those cave types, Lace (2008),used this method to
study flank margin cave morphology of Puerto Rico. Owen (2007, 2013), Waterstrat
(2007) and Waterstrat, et al. (2010), included pseudokarst features as well as actual
caves, studying tafoni and sea caves respectively, and compared their morphologies to
that of flank margin caves. Specific measurements and ratios were determined for each
cave or pseudokarst type, and then could be used to compare the different cave types. It
was found that certain ratios worked well for cave type differentiation. More information
can be found in the corresponding references Owen (2007; Waterstrat (2007); Waterstrat
et al. (2010); and Lace, (2008). While these studies did prove that specific ratios could be
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used to differentiate between cave types and pseudokarst features, it became increasingly
apparent that the best way to study non-stream or non-linear type caves would be by
using a three dimensional method, perhaps comparing volume to best represent cave size.
Some initial attempts have been done to represent caves three dimensionally
already, although no set best-practice methods have been created yet. To date video
games might have the best 3D rendering of cave interiors, of course there is no need to
accurately and scientifically represent cave data for this application (Boggus and Crawfis
2009a). The amount of data acquisition needed to obtain the three dimensionality of a
cave passage is difficult and tedious to obtain, which is most likely one of the main
reasons this type of research has yet to be done (Boggus and Crawfis 2009b). It also
appears that currently the majority of the work on 3D cave modeling is currently being
done by non-karst specialists and often times not even by geologists, but rather is being
done by computer scientists (Boggus and Crawfis 2009a,b). Karst scientists currently
have a good grasp on two dimensional data, as demonstrated by all the science being
done using modern day cave maps, however, a need exists to find better ways to control
the third dimension in data collection and for subsequent analysis. An early attempt to
use three dimensional cave data for volume determination was conducted using flank
margin cave data. Labourdette, et al. (2007) modeled flank margin caves three
dimensionally, using petroleum industry software that looked at caves in terms of small
3D probability cubes. Comparisons between this model and a map created from actual
field data of Salt Pond Cave, on Long Island Bahamas, resulted in good correlation
between the two, showing that three dimensional volume modeling and measurements are
possible (Figure 20).
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Figure 20

A comparison between a 2D cave map and 3D cave model.

This comparison was generated from the 2D map using cross-section data, from
Labourdette, et al, (2007).
The purpose of this study is to establish the best means of accurately representing
cave size data. The hypothesis to be tested is that: three dimensional cave images used
by oil company modelers are inaccurate as currently being used and that better modeling
output can be created using specially calibrated data for this purpose.
Methods
The third objective of this project was to find a way to accurately measure cave
size and to determine volume for those caves. This analysis was done with a large dataset
of cave maps and survey data, representing several different cave types in various
locations, the cave data were collected from personal data collections as well as from
National Parks or other government sources. These data were broken down into cave
types including epigene stream caves from Kentucky, hypogene caves from the Black
Hills of South Dakota, hypogene caves from the Guadalupe Guadalupe Mountains of
New Mexico, and coastal caves from The Bahamas, Mexico and Florida. The caves, and
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cave types used for this study can be seen in Table 3. Collection of data from the
National Park Service required a permit written by the research team. This permit was
submitted to and was accepted by the National Park offices of Mammoth Cave, Wind
Cave, Jewel Cave National Monument, and Carlsbad Caverns. The Parks submitted their
data to the research team, which allowed for the team to create possibly one of the best
cave datasets ever complied. Smaller stream cave and coastal cave datasets were derived
from personal datasets of Drs. John Mylroie and Patricia Kambesis of Mississippi State
University, along with Mr. Michael Lace of the Costal Cave Survey.
Initially all cave data were put in to Compass®, a cave mapping software; a line
plot was generated for each cave, also calculated the from the original survey data, as it
was supplied to the research team, was initial volume estimates for each cave based on
the Compass volume tool. It was determined that these volume estimates were dependent
on cave type, with outcomes either too high in actual volume amounts for some cave
types, or too low for other cave types (Larson et al., 2013). It was determined that the
software make specific assumptions about the data, which caused an inaccurate volume
calculation. Additional errors were caused by the surveying techniques themselves, not
providing enough or the correct format of data (e.g. not taking LRUD measurements), to
the software itself. Through a systematic trial and error process, data were input in to the
Compass software in such a way to represent from the simplest to more complex
orientations of a basic line plot. This was done in test cases where a known volume could
be determined of an “artificial cave”.
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Table 3

Caves Selected for Porosity Study.

Cave
Location
Cave Type
Mammoth
Kentucky
Epigene
Neals
Kentucky
Epigene
Carlsbad
New Mexico
Hypogene (H2S)
Lechuguilla
New Mexico
Hypogene (H2S)
McKittric Hill
New Mexico
Hypogene (H2S)
Jewel
South Dakota
Hypogene Thermal
Wind
South Dakota
Hypogene Thermal
Sac Mul
Quintana Roo
Coastal Cave
Quintana Roo Total
Quintana Roo
Coastal Cave
Sistema Faro
Isla De Mona
Coastal Cave-FM
Lighthouse
San Salvador
Coastal Cave-FM
Dance Hall
San Salvador
Coastal Cave-FM
Salt Pond
Long Island
Coastal Cave-FM
Grot Spelonk
Aruba
Coastal Cave-FM
Stargate
South Andros
Bank Margin*
Bottlecap
Florida
Coastal Cave
Football
Florida
Coastal Cave
FM is abbreviated for flank margin cave, and the single asterisk represents a pseudokarst
feature, present in the cave type column.
Figure 21 shows two examples of the known volume of passages surveyed for this
study, this analysis shows how the way the survey line is conducted, along with the
assumptions the software makes, results in very different outputs for the same passage
(Larson, et al., 2013). Many different geometries were tested including the straight
passage, a passage with a 90 degree turn, a passage with a 45 degree turn, a passage with
a 135 degree turn, a T shaped intersection, two X shaped intersections, one at 90 degrees
and one at 45 degrees, a linear passage with changes to both the ceiling and floor heights,
as well as a change in passage level. The plot files where then put in to the new Cave
Volume Tool and volumes were recorded for both square and irregular octagon passage
shapes (Larson et al., 2013.). Using all of the data collected error values in both cave
morphology and volume were determined for the Compass software, and protocols on
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how to best conduct a survey emerged. To create data that worked best in Compass, a
“remapping” method was developed for smaller cave maps, based on the previous trial
and error work to provide the most accurate volume estimates possible and overall
providing better data. The remapping process occurred along the same ideas of traditional
cave surveying by collecting the same number and type of measurements; however, these
measurements were collected from the actual paper map, using the scale bars, and
vertical control was established using cross sections to capture all the information each
map contained. This approach was done on existing maps of small caves of each of the
three main cave types (epigene, hypogene, and coastal). The volume estimates were most
accurate when the cave was remapped in straight lines down the center of each passage,
and taking LRUD’s every time the cave passage changed dimensions. This remapping
process typically resulted in much larger number of survey stations than what is, or at
times, could be collected while doing the actual cave survey. When possible or as
necessary due to limited number of cross sections or survey lines, new survey lines were
tied into the original field survey lines to provided additional control on vertical changes
in the cave. Essentially, this technique utilizes the sketch made during the cave survey as
a means of quantitatively defining the cave.
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Figure 21

Differences in survey protocals

This group of figures shows the differences in survery protocals and the resulting output
from Compass. The volume output and differences from each survery method can be seen
in the table on the left for both example 3 and 5 (Larson, et al., 2013).
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This approach made the volume calculation subject to the abilities and biases of
each cave survey sketch person, but was none-the-less superior compared to working
solely from the quantitative data from each survey shot.
It is common for some cave surveyors, when taking in the field measurements
during a survey, not to include or take LRUD measurements during their data collection.
They rely on their sketching skill, done on graph paper with the aid of a ruler and
protractor, to accurately represent the cave shape. Without the LRUD information
included in data, Compass defaults all cave passages created along the line plot as a 1
meter tube. This creates a huge potential for error when generating volume calculations
and needs to be addressed.
The remapping calibration worked well for smaller caves, where it was possible
to manually apply this technique. However, there were several larger caves included in
the datasets, such as Mammoth, Wind, Jewel Caves, along with Carlsbad Caverns where
this process was physically not possible, as these caves contain station numbers in the
tens of thousands. For these larger caves, section of the caves were remapped using the
resurveying protocol, Those calibrations were then averaged and applied of the entire
cave, to adjust the overall cave volume estimate to a more accurate value.
For the cave systems at Quintana Roo, the caves are divided between passages
above water, and those below, with the majority of the caves found under water. These
sections of the caves have been measured by cave divers, who have little time to include
any detail due to the air supply constraints on them. The cave maps for this area of the
caves is little more than a basic line plot. This line plot made it impossible to do a direct
volume calibration on these sections of the caves, so instead a calibration was done on the
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dry part of the cave system which cave divers confirmed was similar to the underwater
section. A large portion of dry cave in this area, Sac Mul, was resurveyed to create a
calibration value for all 1100 plus km of underwater cave known at Quintana Roo,
allowing for volume estimate of the whole system to be determined.
While these cave calibration and resurveying techniques were being determined
by the research team, the Compass developer was contacted to create a Cave Volume
Tool to produce a more accurate cave volume amount that what was possible in the
Compass program, as it currently was, and to allow a bounding box to be fitted to the
cave in such a way that it is basically shrink wrapping the cave (Figure 22). This tool
became known as the convex hull and was intergraded into the basic Compass software
in March of 2014 (Fountainware, 2014). The convex hull was generated to remove many
of the problems with using a traditional bounding box, which would place a tightest
rectangle possible around a cave to determine cave volume, calculating the volume and
the cave porosity. The convex hull tool is used to create a total volume value for what it
encloses. The amount of shrink wrapping could be controlled by the user, using a tool in
the software known as the concavity. As Compass has given a volume for the cave itself,
the Cave volume tool allows for the rock volume enclosed by the cave footprint to be
determined as well as the cave porosity. The cave porosity values can be reported as the
porosity for known cave within the cave footprint.

68

Figure 22

Fulford Cave Colorado in the Cave Volume Tool

Shows the Cave Volume Tool for Fulford Cave in Colorado. The image on the right
shows the “shrink wrap” option available using this tool.
As the final step to be morphologically correct, three dimensional shapefiles were
generated for each of the caves in the database for this research, using Compass’ three
dimensional export functions. The shapefiles were then viewed in ArcScene, a three
dimensional viewing program built by ESRI, to determine that the three dimensional
nature was preserved (Figure 23). This output would allow for additional studies using
other more advanced software including proprietary petroleum software which could do
analysis for the potential of removing oil from paleokarst reservoirs.
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B

Figure 23

An example of a three dimensional shapefile of Dance Hall Cave, as
viewed in ArcScene.

View A is in plan view and B is in profile.
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Results
Table 4 shows the results of the 17 caves that were used in this study, 16 of which
were traditional dissolutional caves and 1 pseudokarst feature. The correction factor
listed in the table is the amount the default Compass volume should be adjusted to
produce the most correct volume possible. Examples of the corrections found to be
needed include Lechuguilla Cave needs to have 5.36 m3 added to each linear meter of
survey to obtain a correct value, and Carlsbad Caverns requires that 22.23 m3 volume to
be subtracted for each linear meter or survey. The results of the calibration show that
volume corrections need to be either added or subtracted depending on several factors
including: the cave survey protocol used nature of the survey shots, and to some degree
cave type. Splay shots taken during cave surveying resulted in an over estimate of
volume, such as what occurred in Dance Hall Cave (Table 4). Conversely, Sistema Faro
had an underestimation of volume due to a lack of LRUD measurements. Some caves,
such as Mammoth Cave, which was intended to be included in the study, could not be
used because its survey is in the cave survey program Walls, which does not interface
with Compass and does not have a volume tool, therefore the correction given for
Mammoth Cave is based solely on the seven averaged calibration sections that were
generated for this cave.
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Table 4

Correction Factor by Cave.

Cave
Mammoth
Neals
Carlsbad

Location
Cave Type
Kentucky
Epigene
Kentucky
Epigene
New Mexico
Hypogene (H2S)

Correction Factor m3/m
-0.59
**
-0.01
**
-22.33
**

Lechuguilla
McKittrick? Hill
Jewel
Wind
Sac Mul
Quintana Roo Total
Sistema Faro
Sistema Faro
Lighthouse
Dance Hall
Salt Pond
Grot Spelonk (Lace)
Grot Spelonk (PK)
Stargate
Bottlecap
Football

New Mexico
New Mexico
South Dakota
South Dakota
Quintana Roo
Quintana Roo
Isla De Mona
Isla De Mona
San Salvador
San Salvador
Long Island
Aruba
Aruba
South Andros
Florida
Florida

5.36
4.49
4.51
0.03
27.11
81.58
25.63
14.72
7.51
-6.27
12.12
0.73
0.19
No Correction
No Correction
No Correction

Hypogene (H2S)
Hypogene (H2S)
Hypogene Thermal
Hypogene Thermal
Coastal Cave
Coastal Cave
Coastal Cave-FM
Coastal Cave-FM
Coastal Cave-FM
Coastal Cave-FM
Coastal Cave-FM
Coastal Cave-FM
Coastal Cave-FM
Bank Margin*
Coastal Cave
Coastal Cave

**

The single asterisk represents a pseudokarst feature, present in the cave type column. The
double asterisk in the last column indicates that the Compass value exceeds the actual
cave value. Sistema Faro and Grot Spelonk are listed twice because they were calibrated
two different ways.
Results show that time-consuming remapping of cave maps can be done in a way
that more accurate volume calculations are produced in the Compass software using the
basic volume algorithm present in the Compass software; this volume correction is
achieved by reducing overlapping polygons generated by the software, using the survey
protocols determined in this study. These estimates are much better than initial estimates
that were generated using the traditional cave survey data. One cave, Grot Spelonk on
Aruba, was surveyed twice, once using traditional survey protocols and once by a
surveyor using the protocols developed in this study, actually in the field. This double
survey was used to check the calibrations done in this project, both results are listed in
Table 4. The cave was initially surveyed by M. Lace, of the Coastal Cave Survey, using
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traditional survey methods for the cave and produced a volume in compass of 4,838.37
m3 of the cave volume. This cave was then surveyed again by P. Kambesis, of
Mississippi State University; the same day using surveying techniques developed for this
project, and generated a cave volume of 5035.5m3. A control value was also generated
for the cave using the artificial resurveying techniques used in the rest of this study, this
volume was 5142.8 m3. The Kambesis survey was less than the calibrated amount by
2.1% while the Lace survey was less by 5.9%.
Calibrations for larger caves were based on small sections that were resurveyed.
The calibration found for these small sections were then averaged out over the entire cave
area. These corrections were easy to apply after initial volume corrections were
calculated. Selection of the cave sections must be done with some consideration to how
representative each section is of the cave itself. Sistema Faro, the largest flank margin
cave system in the world, has over 1000 survey stations; this cave system would be
difficult to resurvey from the map. Five sections were selected for the large cave
calibration method, and those values were averaged together to create the cave volume
correction, this resulted in a Compass volume of 125,269 m3 and a calibrated volume of
616,198 m3, almost five times the Compass amount. A second calibration was done on
this same cave using just four of the same calibration sections due to one section being
drastically different from the others. This new calibration, using the four sections that
were similar resulted in a volume of 407,224 m3 or more than three times the Compass
amount. Both volume values for this cave system are significantly larger than the output
from the Compass software alone.
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Three-dimensional morphologically correct shapefiles of each cave type were
successfully created for all caves except Mammoth Cave and the full extent of Quintana
Roo, using the new calibration techniques, and exported from Compass software, where
they could be manipulated or analyzed by petroleum companies or other researchers for
usefulness as paleokarst reservoirs. Mammoth Cave could not be completed because its
data was recorded in the Walls software instead of Compass, and these software
programs are not comparable. Quaintana Roo could not be done because the line survey
data collected by cave divers does not contain LRUD values.
Discussion
Simple surveys run down the middle of a cave passage were found to produce the
best shapes and volumes for each of the sample geometries tested. While most shapes
can be represented by the production of overlap of polygons, this results in the Compass
software program over estimating the volume in areas where the polygons overlap.
LRUD measurements should be used to produce very accurate shapes with accurate
volumes (e.g. t-intersections, x-intersections, etc.), the downside to using the LRUD
measurements is that the area measured, to the left and right of the survey station, results
in that whole area along the survey shot to the next station being measured with the same
ceiling and floor values as where the LRUDs were taken. This program default basically
does not allow the software to factor in changes in ceiling and floor heights over those
distances that are known to occur in most caves, at most survey stations. Compass also
had difficulties estimating accurate volumes and generating accurate shapes, in surveys
that use vertical drop shots, such as was done in Stargate Blue Hole, and splay shots as
seen in Dance Hall Cave. The vertical shot issue was avoided by changing the elevation
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of the survey line using an inclination less than 90°, a 45° was used with much success in
Stargate Blue Hole. The splay shot issue could be addressed using a correction factor
was also generated for chambers up to 40 m in radius by Larson et al.(2013), at which
point the percent error was essentially 100 percent and an accurate volume could not be
calculated. The correction factor was more difficult to use than to simply apply by the
remapping technique created in this study, to produce a more accurate volume estimate.
The correction factor generated by Larson et al. (2013) could be applied in larger cave
situations where numerous splay shots have been used in the survey and the cave
passages are below the required 40 m radius. All of these factors determined to be useful
in cave remapping for this project could also be put to work in the field in actual cave
surveying protocals, this was proven looking at the Lace vs. Kambesis resurveying of
Grot Spelonk on Aruba, where volume estimate were closer to the control for the
Kambesis survey where these remapping protocals were added. If all caves map, which
might in the future be used for volume estimate calculation, were mapped in this way
then, accurate volume estimates could be calculated for these caves without the need for
the calibration “remapping” steps, saving time and effort while still producing more
accurate volume data.
Overall the results of this work show that accurate surveys can be conducted to
produce realistic cave shapes or volumes in Compass, there are however, tradeoffs that
must be made between the two as the software will not typically generate both accurate
shapes and volumes at the same time. A determination of which is more important to the
research needs to be made, and survey adjustments and modifications should be made to
accurately model this selection. There is also a limit to the accuracy that can be
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determined using the Compass software, as the software mostly like underestimates the
true volume of real caves, even with the modifications of survey techniques and the
correction factors generated from this study, because it does not capture every wall
morphology or fracture, etc. Furthermore, the cave survey data will only include humanly
passable passages, as exporational bias will still be an issue not addressed by this study.
It is therefore reasonable to assume that for many types of caves there are passages that
are smaller than what is humanly passable, and are not in the survey data. So it is
possible that when Compass is overestimating passage volume of known passages it may
be that the software is really producing a somewhat more realistic volume of the total
megaporosity as the program undercounts passages that are not humanly passable.
However, a quantification of this speculation is not possible as these small passages are
inaccessible.
In terms of large caves whose volumes were calibrated, it is unrealistic to
calibrate every passage type; however, random samplings could be taken from the large
system and averaged in a similar way as above to approximate the total error in the
Compass volume calculations. The type and number of passages used this way will affect
the volume estimates and calibrations, as seen with Sistema Faro, where two different
calibrations were done. It may be best to calculate the volume with the most common
occurring cave passage morphology, unless multiple common morphologies exist.
Conclusion
The results of this study show that a vast majority of cave data that is processed
through Compass or similar cave mapping software will not create an accurate cave
volume value as is. There are errors in the volume calculations that are caused both by
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how the survey data were collected and the way that the Compass software package
processed those data. Accurate cave volume data are needed to calculate other
measurements, such as cave porosity, in a correct manner. This study devised ways to
take existing cave surveys, and modify them in such a way that they produced much more
accurate volume estimates than that previously done. The convex hull utility of the Cave
Volume Tool, which was created in the propriety software developed for this study,
provides a much more accurate result for the actual cave porosity in the vicinity of the
cave, especially when coupled with the remapping techniques also developed for this
study. The Cave Volume Tool is also able to assess the volume of rock versus cave void
space within the cave footprint. By understanding the differenced of the various caves
types being studied, whether epigene, hypogene, or coastal, and the local geology around
each cave, scientists can now make geological arguments about the expected cave
distribution in a location, and having a better ability to attempt to address the issue of
explorational bias, and determine where cave should and should not be in the subsurface.
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